The replication of eukaryotic chromosomes is a multistep process that spans the G1 and S phases of the cell division cycle 1,2 . The yeast origin recognition complex (ORC), which comprises Orc proteins 1-6, constitutively binds to the replication origin DNA 3 . Replication licensing occurs upon mitotic exit or during the G1 phase, when cell division cycle 6 (Cdc6) and Cdc10-dependent transcript 1 (Cdt1) can interact with the ORC to load hexameric MCM2-7, which comprises minichromosome maintenance (Mcm) proteins 2-7 and is the core of the DNA helicase complex 4 . Details of how MCM2-7 is loaded onto the DNA have not yet been biochemically defined. The loaded MCM2-7 is initially inactive and becomes activated during early S phase, when many other factors promote unwinding of the duplex DNA and the replisome is assembled 4 .
a r t i c l e s
The replication of eukaryotic chromosomes is a multistep process that spans the G1 and S phases of the cell division cycle 1, 2 . The yeast origin recognition complex (ORC), which comprises Orc proteins 1-6, constitutively binds to the replication origin DNA 3 . Replication licensing occurs upon mitotic exit or during the G1 phase, when cell division cycle 6 (Cdc6) and Cdc10-dependent transcript 1 (Cdt1) can interact with the ORC to load hexameric MCM2-7, which comprises minichromosome maintenance (Mcm) proteins 2-7 and is the core of the DNA helicase complex 4 . Details of how MCM2-7 is loaded onto the DNA have not yet been biochemically defined. The loaded MCM2-7 is initially inactive and becomes activated during early S phase, when many other factors promote unwinding of the duplex DNA and the replisome is assembled 4 .
Low-resolution EM structures of ORC from Saccharomyces cerevisiae (ScORC) and Drosophila melanogaster (DmORC) have been reported 5, 6 . Both ScORC and DmORC were found to have a slightly twisted half-ring structure of length ~160 Å and width ~120 Å (ref. 7) . The replication initiator Cdc6 was found to bind to one side of ScORC, thus completing an ORC-Cdc6 ring containing six proteins with predicted AAA+ architecture 5, [8] [9] [10] [11] . In vitro, the ScORC-Cdc6 complex was shown to load two MCM2-7 hexamers onto doublestranded DNA (dsDNA) in a Cdt1-and ATP-hydrolysis-dependent manner to form an inactive but stable double hexamer 12, 13 (Fig. 1a) . During this reaction, Cdt1 was removed from the double hexamer. Thus the ORC-Cdc6 ring acts as an ATP-hydrolysis-dependent loading machine that enabled the ring-shaped MCM2-7 hexamers to encircle duplex DNA. The DNA-loaded MCM2-7 double hexamer is subsequently activated by Cdc45 and the GINS complex to form the CMG complex, shown to be a functional helicase [14] [15] [16] [17] . EM structural studies revealed that Cdc45 and GINS together bridge a gap between Mcm2 and Mcm5 of the MCM2-7 ring 18 .
A cryo-EM-derived structure of ORC-Cdc6 bound to origin DNA demonstrated that ORC assumed a different structure upon recruiting Cdc6 to the DNA and that the length of DNA bound was almost double that bound by ORC alone 5, 11 . On the basis of this structure and the two-claw DNA-binding mode of archaeal Orc1 and Cdc6 (Orc1/Cdc6) structure as revealed by X-ray crystallography 19, 20 , we have proposed that ScORC-Cdc6 bends and topologically wraps the origin DNA 11 and that this complex is primed to recruit the MCM2-7 hexamers. Similar wrapping of DmORC has been proposed 21 .
Bioinformatic analyses of DNA replication licensing factors and crystallography of archaeal homologs have shown that Orc proteins 1-5, Cdc6 and MCM2-7 belong to the AAA+ family of proteins 5, [20] [21] [22] [23] [24] ( Supplementary Fig. 1 ). Orcs 1-5 and Cdc6 contain one or two C-terminal DNA-binding winged-helix domains (WHDs) 5 . Each Mcm protein is composed of an N-terminal zinc-binding domain (NTD) and an ATP-binding C-terminal AAA+ domain (CTD) 25, 26 . The NTDs and CTDs of the MCM2-7 hexamer form a two-tiered ring structure 18, 24, 27 . Orc6 and Cdt1 are structurally different: Orc6 shares partial similarity with the transcription factor TFIIB, and Cdt1 contains two WHDs but no ATP binding motif 28, 29 .
A missing piece of information is how ORC-Cdc6 recruits and interacts with Cdt1-MCM2-7 before the formation of the MCM2-7 double hexamer (Fig. 1a) . Using purified ScORC, Cdc6, Cdt1 and a r t i c l e s MCM2-7 proteins in the presence of origin DNA and ATP-γS, we have captured a 1.1-megadalton (1.1-MDa) complex that contains all 14 proteins essential for replication origin licensing. Cryo-EM and subunit mapping have resulted in a model for the architecture of a key intermediate in the replication-licensing process. The structure provides insights into the molecular mechanism of MCM2-7 recruitment and helicase loading.
RESULTS

Capturing a pre-RC intermediate by cryo-EM
The fleeting nature of the initial encounter between ORC-Cdc6 and Cdt1-MCM2-7 has so far prevented capture of a pre-RC intermediate in vitro. We wondered whether cryo-EM could visualize assembly intermediates before the formation of the MCM2-7 double hexamer. To slow the progression of the MCM2-7 loading reaction, we initially used several crippling factors, including (i) a short origin DNA (86-base-pair (86-bp) linear DNA containing autonomously replicating sequence 1 (ARS1)), which has been demonstrated to be too short to load the MCM2-7 double hexamer; (ii) ATP-γS, which is hydrolyzed very slowly compared with ATP; and (iii) ORC containing an ATP-hydrolysis mutation in the Orc4 subunit (ORC-4R) 5, 30 . Computational classification of the cryo-EM images of the heterogeneous reactants revealed two-dimensional (2D) class averages that suggested the formation of a three-tiered complex structure (Fig. 1b) . On the basis of structural studies of ORC-Cdc6 and the MCM2-7 hexamer 5, 6, 11, 18, 24, 27, 31 , we conclude that the top, slanted tier is likely to be ORC-Cdc6 and that the bottom two tiers belong to Cdt1-MCM2-7. Assembly under these conditions hindered MCM2-7 double hexamer formation and resulted in the pre-RC intermediate that we have called ORC-Cdc6-Cdt1-MCM2-7 (OCCM).
In optimizing OCCM preparation for cryo-EM 3D reconstruction, we found that OCCM formed readily on an ARS1-containing plasmid (~3,000 bp) without the ORC-4R arginine finger mutation, as long as ATP-γS was present in the reaction. The improved protocol involves first attaching a biotinylated ARS1 origin-containing DNA to streptavidin-coupled Dynabeads, adding the purified components (ORC, Cdc6, Cdt1 and MCM2-7) and ATP-γS, washing the beads with low-salt buffer (100 mM potassium gluconate) to remove unbound proteins, releasing OCCM from the beads by cleavage with either DNase I or AluI and concentrating the sample for structural analyses. DNase I (29 kDa) binds ~10-bp DNA and leaves a ~4-bp overhang near the protein border but cannot access DNA inside a protein-DNA complex 32 . The AluI restriction enzyme introduces multiple cuts into the plasmid (Supplementary Fig. 2 ). The ARS1 replication origin is contained in a 238-bp AluI fragment. We immunoprecipitated the DNase I-treated OCCM in ATP-γS (Fig. 1c) . This result demonstrates the integrity and composition of OCCM.
Cryo-EM and 3D reconstruction of the OCCM complex
Because of their large mass (1.1 MDa), the OCCM particles embedded in vitreous ice have good contrast (Fig. 2a) . We recorded >300 micrographs and selected >80,000 particle images (Fig. 2b,c and Supplementary Fig. 3a,b) . The 3D map has an estimated resolution of 14 Å (Fig. 2d) . We further validated the structure by the tilt-pair technique 33 . We collected 142 pairs of untilted and 10°-tilted particle images and determined their Euler angles by matching them with the 3D map-derived projections. The tilt geometry of each particle pair was then calculated and plotted as a dot in the polar coordinate system (Fig. 2e) . Approximately 73% (47/64) of the plotted particles were found to cluster around the experimental tilt angle of 10° (9.65° average, with an r.m.s. deviation of 4.52°) and the vertical tilt axis (85.22° average, with an r.m.s. deviation of 14.02°). This result suggests that the cryo-EM structure and its associated handedness are correct.
Protein-subunit and DNA mapping of the OCCM structure A strategy employing fusion of maltose binding protein (MBP) was initially developed for systematic subunit mapping within averaged 2D images of the yeast ORC 34 . The method has been applied successfully to several other protein complexes 35, 36 . We systematically tested N-terminal, C-terminal or internal fusions of MBP to the OCCM proteins and examined their function in pre-RC assembly. We generated >10 stable MBP-fused OCCM complexes and found MBP densities in 2D reference-free class averages or 3D reconstructions of six of these complexes ( Fig. 3a-f ). All six MBP-fused complexes were functional: they formed a low-salt-stable complex and supported the loading of a high-salt-stable MCM2-7 double hexamer ( Supplementary  Fig. 4a,b) . MBP fused to Orc2 or Mcm2 is located to the right or at the bottom of OCCM, respectively, in the side view; it is also visible in the 3D maps and their sections (Fig. 3a,b) . However, MBP inserted in Mcm3, Mcm5, Mcm6 or Cdt1 is not visible in the 2D averages ( Fig. 3c-f , left), indicating that the MBP is located in the front or back of OCCM in this view. Consistent with this assessment, we indeed observed MBP in the front or back of the MCM region in 3D reconstructions of these OCCM complexes ( Fig. 3c-f , middle and right). MBP densities appear rather small owing to the small mass of MBP (38 kDa) relative to the 1.1-MDa OCCM and the fact that the fused MBP can move around results in reduced densities in 3D reconstructions. However, the small density at the periphery of each fusion complex can be assigned to MBP because we have shown that the fusion complex retains structural and functional integrity 18, 37 . We had more success in observing the tag when MBP was inserted internally into an Mcm NTD or CTD. Insertion generates two linkages between MBP and Mcm, which probably results in a less flexible MBP and, thus, an improved detection rate.
DNase I is a sequence-nonspecific enzyme that cleaves essentially all accessible DNA. As expected, the cryo-EM 2D class averages did not show any densities protruding from OCCM treated with this enzyme (Fig. 3g, top) . However, when we carried out DNA digestion using the DNA sequence-specific restriction enzyme AluI, we consistently observed a thin density protruding from the top of the ORC-Cdc6 region of the OCCM structure in the averaged cryo-EM images, and we therefore interpreted this linear and partially flexible density as DNA (Fig. 3g, bottom) . Cryo-EM 3D reconstruction of the AluI-treated OCCM with MBP inserted in the NTD of Mcm6 revealed the MBP density at the bottom and the dsDNA stub at the top of the structure (Fig. 3f) .
MBP insertions in the NTDs of the Mcm subunits were located near the bottom, whereas insertions in the CTD were located in the middle of the OCCM structure. This observation indicates that the MCM2-7 NTD faces outward and the AAA+-domain-containing CTD of MCM2-7 interacts with ORC-Cdc6 at the top of OCCM. This MCM2-7 orientation leaves the NTD free to interact with the NTD of Fig. 3h) . This organization agrees with a large body of biochemical and structural data on MCM2-7 arrangement 18, 23, 24, 38 .
The architecture of the OCCM complex
To arrive at the subunit-assigned structure of OCCM ( Fig. 4a-f) we first subjected the cryo-EM 3D map to semi-automatic segmentation 39 . The subunit densities in the top ORC-Cdc6 region were well defined, and the protein subunits could be segmented with little ambiguity. We mapped the location of Orc2 directly (Fig. 3a) and assigned the remaining proteins on the basis of the previously determined arrangement: Orc1-Orc4-Orc5-Orc2-Orc3, with Orc6 binding to Orc2 and Cdc6 bridging the gap between Orc1 and Orc3 (ref. 11) (Fig. 4e) . There was an additional density in the center of the top region, and we conclude that this density belongs to the bound dsDNA that is protected by OCCM from DNase I digestion (Fig. 3) .
In the bottom tier of the MCM2-7 region, the hexameric NTD crystal structure of an archaeal MCM can be fit 40 (Fig. 4g) . It is important to note that the N terminus of each of the known archaeal Orc1/Cdc6 structures is located away from the N-terminal AAA+ domain and extends to and is part of the middle helical domain 20, 41 (Fig. 4h,i) .
The density identified as Cdc6 fits nicely to the rigid-body-docked archaeal homolog Orc1/Cdc6 crystal structure 41 , with the N terminus in the middle of the structure (Fig. 4i) . On the basis of the docking, we estimated the position of the Cdc6 N terminus in the OCCM structure (Fig. 4a,b) . Notably, the Cdc6 C-terminal WHD is oriented upward, in contact with the central DNA density, and the Cdc6 N-terminal AAA+ domain points down, reaching toward an AAA+ CTD of MCM2-7 ( Fig. 4a-f) . Given the similar architecture and packing of the ORC-Cdc6 subunits containing AAA+ (refs. 5,6), we expect that their N termini are located in the outer middle regions and that their C-terminal WHDs contact central DNA. We note that a centrally located Orc2 WHD is not in conflict with the peripheral location of the MBP fused to the C terminus of Orc2 (Fig. 3a) because there is a linker between the predicted WHD and the MBP.
In the Cdt1-MCM2-7 region of the OCCM structure, segmentation of subunit densities for Mcm3, Mcm4, Mcm5 and Mcm7 was nearly automatic and unambiguous (Fig. 4a-f) . However, the densities belonging to Cdt1, Mcm2 and Mcm6 were intertwined. Therefore, their boundaries are less certain and more subject to interpretation, although the relative locations are defined. After all seven proteins in the Cdt1-MCM2-7 region were assigned, one segmented density remained unaccounted for. This density was in the central region of MCM2-7 and best viewed from the bottom (Fig. 4f) . We have not established the identity of the density, but we speculate that it is from eukaryotic cell-specific N-terminal extensions of some Mcm subunits and perhaps contains DNA emerging from the bottom end of the OCCM structure. In the well-defined Mcm3 density (Fig. 4b,j) , the crystal structure of the nearly full-length archaeal MCM can be fitted by rigid-body docking, with the NTD pointing down and the AAA+ domain-containing CTD facing the ORC-Cdc6 above 27 (Fig. 4j) .
The physical proximity between the individual subunits in the heptameric ORC-Cdc6 and subunits of the heptameric Cdt1-MCM2-7 can be summarized as follows: Orc1 is near (Fig. 4a-f) . Although the putative Orc6 density is on the same side as Cdt1 in the OCCM, they are not touching. Earlier studies suggested that interaction between Orc6 and Cdt1 was crucial for MCM2-7 loading onto origin DNA by ORC-Cdc6 (ref. 42 ), but recent studies have suggested otherwise 43, 44 .
We previously found that N-and C-terminal MBP fusions to Orc1-5 support ORC-Cdc6 complex formation 34 . Here, we observed efficient Fig. 5a ). This is in agreement with our OCCM model predicting the surface localization of the N termini of the ORC subunits. However, fusion of MBP to the C terminus of Orc1 or Orc4 reduced recruitment of MCM2-7 (low salt) and blocked double hexamer formation (high salt) but did not affect ORC association with DNA. It is possible that MBP fusion to the C terminus of Orc1 or Orc4 interferes with the establishment of the correct DNA path, which in turn blocks MCM2-7 recruitment; however, MBP attachment to the C terminus of Orc2 did not interfere with the loading function, indicating that not all Orc C termini function in the same way. Cdc6 is central to pre-RC formation 9,10,45 . The OCCM model predicts the proximity of Cdc6 and Mcm3. We examined their potential interaction by independent immunoprecipitation. Mcm3 interacted efficiently with MBP-fused Cdc6 (MBP-Cdc6) but not with MBP, and all other Mcm subunits bound Cdc6 only weakly ( Supplementary  Fig. 5b ). Mcm4 showed nonspecific interaction with MBP, rendering the result for Mcm4 inconclusive. Furthermore, the data indicated that the C terminus of Mcm3 is orientated toward ORC-Cdc6. An analysis of the MCM2-7 C termini shows that Mcm3 contains a long C-terminal extension that is not present in other MCM subunits (Supplementary Fig. 1b) . We reasoned that this extension could be important for the interaction between Cdc6 and MCM2-7. We generated an MCM2-7 mutant lacking amino acids (aa) 740-971 (MCM2-7-∆C3). Notably, MCM2-7-∆C3 had a weaker interaction than wild-type MCM2-7 with MBP-Cdc6 (Supplementary Fig. 5c ). MCM2-7-∆C3 interacted with Cdt1 (Supplementary Fig. 5d ) but did not associate with ORC-Cdc6 in low-salt buffer and failed to load high-salt-resistant MCM2-7 onto DNA (Supplementary Fig. 5e ). Our result is consistent with a recent report on the importance of Mcm3 CTD for MCM2-7 loading 43 . Our immunoprecipitation results confirm the model-predicted proximity of Cdc6 and Mcm3 and indicate the functional importance of their interaction.
Yeast Cdt1-MCM2-7 in comparison with Drosophila MCM2-7
We compared Cdt1-MCM2-7 extracted from the OCCM structure with Drosophila MCM2-7 structure 18 ( Fig. 5a-c ; the top stereo view shows the probable DNA density inside the MCM2-7 hexamer chamber). In this structure, the helicase-loading factor Cdt1 binds primarily to the N-terminal half of Mcm2 but extends to Mcm5 near the N terminus and to Mcm6 at the C terminus. Cdt1 interaction with Mcm2 and Mcm6 has been reported 13, 46 . The N-terminal region of Cdt1 is positioned such that it could keep the NTD of Mcm2 away from the NTD of Mcm5, resulting in a gap between Mcm2 and Mcm5 in the bottom, N-terminal side of the MCM2-7 structure. The C-terminal side of MCM2-7 better resembles a ring structure (Fig. 5c) ; however, the Mcm2 CTD is notably higher than that of the other Mcm subunits, and there appears to be a gap between Mcm4 and Mcm6. The gap or weak association between Mcm4 and Mcm6 was also present in the negative-stain EM structure of DmMCM2-7. The significance of the potential gap between Mcm4 and Mcm6 in eukaryotic MCM2-7 is unclear, but it may function as an alternative DNA gate in the Mcm467 hexamer, which has in vitro helicase activity 47, 48 .
ORC-Cdc6 transforms into a right-handed spiral in the OCCM
Our previous determination of the DNA-bound ORC-Cdc6 structure in the absence of Cdt1-MCM2-7 (ref. 11) (Fig. 6a) and the current structure in the presence of Cdt1-MCM2-7 (Fig. 6b) provides an opportunity to examine how ORC-Cdc6 functions to recruit the MCM2-7 hexamer. Although the structures are both ring-shaped and have similar sizes, ORC-Cdc6 undergoes profound conformational npg a r t i c l e s changes upon interaction with Cdt1-MCM2-7. First, ORC-Cdc6 alone is nearly flat but bends into a dome-like shape when it contacts Cdt1-MCM2-7 (Fig. 6a,b) . This transformation is accomplished largely by movement of the individual C-shaped subunits-specifically, by the N-terminal AAA+ domains reaching down to interact with the CTDs of the MCM2-7 subunits (Fig. 4a-d) . Furthermore, at one edge of ORC-Cdc6 Orc6, Orc3 and Cdc6 have undergone a series of concerted movements (Fig. 6a,b , middle). It seems that the mass tentatively assigned to Orc6 initiates the transition, because it has to move out of the way to allow MCM2-7 interaction with ORC-Cdc6; in the absence of Cdt1-MCM2-7, Orc6 occupies the site at which MCM2-7 will bind ORC-Cdc6 (Fig. 6a, middle) . We suggest that upon encountering Cdt1-MCM2-7, Orc6 rotates ~60° downward, which would push Orc3 upward and away from Orc2. The upward movement of Orc3 narrows the gap between Orc1 and Orc3 that Cdc6 bridges, and this narrowing forces Cdc6 to rotate ~45° to fit into the gap (Fig. 6a,b , middle and right). Accompanying the Cdc6 rotation is the movement of the N-terminal domain of Orc1 out and away from the center (Fig. 6a,b, left) . The movement of ORC-Cdc6 upon Cdt1-MCM2-7 binding also brings the Orc1 and Orc4 subunits into closer contact, potentially allowing Orc4 to activate the ATPase activity of Orc1, an activity necessary for pre-RC assembly 30 . Notably, in the presence of Cdt1-MCM2-7, ORC-Cdc6 forms a right-handed spiral structure (Fig. 6c and Supplementary Movies 1  and 2) . Orc3 is at the lowest position in the spiral and is followed by Orc2, Orc5, Orc4 and Orc1; Cdc6 is at the highest position, between Orc1 and Orc3. The total vertical rise from Orc3 to Cdc6 is 34 Å, which translates to ~5.6 Å (34/6 Å) axial rise per protein subunit (Fig. 6c) . The 34-Å rise in the ORC-Cdc6 structure is notable because it is equal to the helical pitch of the B-form dsDNA. Therefore, the six AAA+-domain-containing subunits in the ORC-Cdc6 heteroheptamer form a spiral structure with a helical symmetry that matches exactly that of the dsDNA to which they bind. The symmetry match suggests that ORC-Cdc6 stably anchors DNA at the center of OCCM and that this anchoring may be important for MCM2-7 loading.
MCM2-7 hexamer in the OCCM may be partially loaded
There is a linear, nearly continuous density that passes through OCCM from the outside into the ORC-Cdc6 region and further into the MCM2-7 central chamber (Fig. 7) . The central density is best viewed in consecutive horizontal sections from the top of the OCCM structure to the bottom (Fig. 7a,b , blue arrows) and in the 3D map when the front Orc3 and Mcm5 are removed (Fig. 7c) . We have experimentally identified the top region of the linear density as dsDNA (Fig. 3f,g ) and now suggest that the entire density may be dsDNA (Fig. 7c, dashed red lines) . Our cryo-EM structure suggests that the first MCM2-7 may be partially loaded and encircles the dsDNA in the absence of extensive ATP hydrolysis before the second MCM2-7 hexamer is recruited, as we used nonhydrolyzable or weakly hydrolyzable ATP-γS in our preparation, and there is only one MCM2-7 hexamer in the OCCM. Because OCCM could be washed off of DNA by a high-salt buffer, we conclude that the loading was not completed.
The ORC-Cdc6 spiral resembles the PCNA-loading RFC spiral
There is a clear mismatch, of ~12°, between the central axis of the MCM2-7 hexameric ring and the helical axis of the ORC-Cdc6 (Fig. 7d) . This mode of interaction between ORC-Cdc6 and Cdt1-MCM2-7 bears a strong similarity to the loading of the eukaryotic proliferating cell nuclear antigen (PCNA) DNA polymerase clamp by the ATPase complex replication factor C (RFC) (Fig. 7e) . RFC is an ATP-dependent machine that loads PCNA onto primer-template DNA so that PCNA can then recruit and tether the DNA polymerase at the replication fork 49, 50 . In the crystal structure of the RFC-PCNA complex, the AAA+ domains of RFC-A, RFC-B, RFC-C, RFC-D and RFC-E form a spiral structure, and the gap between RFC-A and RFC-E is bridged by the extra domain (domain IV) of RFC-A 50, 51 . The helical axis of the RFC spiral tilts 9° away from the PCNA ring axis (Fig. 7e) . Therefore, the six AAA+ subunits of ORC-Cdc6 form a spiral in the OCCM that resembles the PCNA ring-loading RFC spiral, which contains five AAA+ subunits 50, 52 .
DISCUSSION
Using cryo-EM, we have captured and characterized an intermediate in the loading onto DNA of the eukaryotic DNA helicase core complex by ORC-Cdc6 and Cdt1, thereby establishing the architecture of the OCCM complex. The cryo-EM structure reveals that several AAA+-like domains of ORC-Cdc6 unclench and latch onto the C-terminal AAA+ motor domains of the MCM2-7 hexamer, leading to the loading of MCM2-7 onto the dsDNA. During the loading process, ORC-Cdc6 transforms into a spiral structure.
The DNA gate in the MCM2-7 hexamer is widely believed to be located between Mcm2 and Mcm5 (refs. 18, 38) . In the OCCM, a gap exists between the NTDs of Mcm2 and Mcm5, but the CTDs are not separated (Figs. 4f and 5) . Notably, Orc3 makes contact with both CTDs of Mcm2 and Mcm5 (Fig. 4b) npg a r t i c l e s length of the DNA that can be protected by ORC-Cdc6 is <30 bp: the first AAA+ protein (Orc3) may protect up to 20 bp (refs. 19,20) , and the other five subunits in the spiral would cover another 10 bp in one DNA helical pitch (Fig. 6c) . However, it has been well established that ORC alone has a DNase I footprint of 48 bp (ref. 3) , and when Cdc6 binds ORC, the DNase I footprint extends to nearly 80 bp (ref. 53) . Therefore, the DNA-binding mode in ORC-Cdc6 alone, before encountering Cdt1-MCM2-7, must be different from that seen in the OCCM structure, and the DNA in ORC-Cdc6 probably undergoes a profound transition when Cdt1-MCM2-7 is recruited. Indeed, the DNA-binding model proposed in our structure of ORC-Cdc6 alone is substantially different, with the origin DNA bent and wrapped around in the interior of the ORC-Cdc6 structure, in accordance with the DNA-binding model in the crystal structure of archaeal Orc1 and in agreement with the extended DNase I footprint 11 . We suggest that the DNA transition to the vertical position occurs along with the subunit rearrangement in ORC-Cdc6 that follows the interaction with Cdt1-MCM2-7 (Fig. 6) . Clearly, DNA rearrangements in ORC-Cdc6 during helicase loading are important and require further investigation.
In the T4 bacteriophage clamp-loading system in the presence of DNA and ATP hydrolysis, the clamp ring opens and converts into a spiral shape whose helical symmetry matches that of the DNA as well as the clamp loader 50 . Furthermore, in the negative-stain EM structure of an archaeal PCNA-RFC complex with DNA and ATP, the clamp ring is also open and resembles a washer 54 . In the case of ORC-Cdc6, six AAA+-containing components form a spiral encircling the dsDNA, the ORC-Cdc6 helical axis is tilted 12° away from the MCM2-7 ring axis and the MCM2-7 ring appears to be partially open. One important difference between these two ring-loading systems is that in RFC, the third and C-terminal helical domains form a tightly sealed collar that blocks DNA passage, whereas in ORC-Cdc6, the corresponding six WHDs from the six AAA+ proteins form an open collar that allows dsDNA to pass through (Figs. 3f,g, 6c and 7c) . Another obvious difference is that MCM2-7 is an ATPase ring, whereas the PCNA ring is not, so their respective ring-opening mechanisms could be different. Despite these differences, it is notable that two structurally related ATP-dependent protein machines, ORC-Cdc6 and RFC, load ring-shaped proteins (MCM2-7 and PCNA, respectively) that are later involved in movement along DNA during replication fork progression.
A recent study also revealed an analogy between the bacterial DnaB helicase loading by DnaC and the PCNA loading by RFC 55 . The organization of the yeast OCCM observed here may provide insights into the mechanism of helicase loading for higher eukaryotes and Archaea, as structural information about the helicase loader in complex with the helicase has not yet been obtained.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession code. The cryo-EM 3D density map of S. cerevisiae OCCM complex (ORC-Cdc6-Cdt1-MCM2-7 on dsDNA) has been deposited in the EM Data Bank under accession number EMD-5625.
ONLINE METhODS
Pre-RC assay. The pre-RC was performed as described 12 . ORC (40 nM), 80 nM Cdc6, 40 nM Cdt1, 40 nM MCM2-7 and 6 nM pUC19-ARS1 beads in 50 µl buffer A (50 mM HEPES-KOH (pH 7.5), 100 mM potassium gluconate, 10 mM magnesium acetate, 50 µM zinc acetate, 3 mM ATP, 5 mM DTT, 0.1% Triton X-100 and 5% glycerol) were incubated for 15 min at 24 °C. After three washes with buffer A or B (50 mM HEPES-KOH (pH 7.5), 1 mM EDTA, 500 mM NaCl, 5% glycerol, 0.1% Triton X-100 and 5 mM DTT) the complex was eluted with 1 U of DNase I in buffer A and 5 mM CaCl 2 .
Pre-RC assembly for electron microscopy analyses. Pre-RC assembly was performed as described above 12 ; however, ATP-γS was used instead of ATP. The DNase I or AluI elution was performed in 5 µl buffer C (50 mM HEPES-KOH (pH 7.5), 100 mM potassium acetate, 5 mM magnesium acetate, 5 mM CaCl 2 ). For the initial experiment (Fig. 1b) an ARS1 origin DNA fragment of 86 bp was used (TTTGTGCACTTGCCTGCAGGCCTTTTGAAAAGCAAGCATAAA AGATCTAAACATAAAATCTGTAAAATAACAAGATGTAAAGATAA), and proteins and DNA were mixed at equimolar ratios.
Immunoprecipitation of OCCM. The pre-RC complexes were prepared as described (pre-RC assay) and then immunoprecipitated with anti-Mcm2 (no. 49) (ref. 56 ) and anti-MBP (E8032L; NEB) antibody coupled to protein G beads for 7.5 min at 24 °C, washed three times with buffer A and analyzed by western blot with anti-Mcm2 (no. 49) (1:2,000) (ref. 56) antibody.
